We previously suggested in the in vitro mouse jejunum that when the primary epithelial barrier on the villi was largely disabled, a secondary mucosal barrier substitutes for the primary one. This study showed that the mucosal Ca 2 ϩ removal did not further deteriorate the histology but increased transmural conductance and lucifer yellow flux, and decreased forskolin-induced potential difference. It is suggested that in this injury model the postulated secondary barrier is Ca 2 ϩ -dependent and likely to be present on or immediately beneath the mucosal surface. Key Words paracellular pathway, tight junction, Ca 2 ϩ -dependent barrier, injury model
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Intestinal epithelia absorb nutrients, while at the same time prevent the permeation of noxious agents present in the intestinal lumen. The latter property is referred to as a barrier function. In the leaky epithelia like the small intestine, however, the barrier is not completely tight but allows selective permeation of small ionic and nonionic molecules through the route generally called the paracellular pathway. The tight junctions serve for this permeation pathway while maintaining their barrier function ( 1 -5 ) .
We previously reported that the mouse proximal jejunum when incubated in vitro in Ussing chambers exhibited variable degrees of morphological deterioration, particularly a shortening of villi and sloughing of villous epithelial cells, although the crypt structure remained intact ( 6 ). Recently we found that, to our surprise, this villus damage and therefore tight junction disruption did not appear to markedly reduce mucosal barrier function since G t or the mucosa-to-serosa flux of lucifer yellow (J LY ), a medium-size anion, was hardly increased ( 7 ). In addition, the damaged jejunum retained a forskolin-induced potential difference (PD) ( 6 , 7 ) . Furthermore, when the tissues (and possibly also the barrier) were severely broken up by Ca 2 ϩ removal from both mucosal and serosal solutions, J LY and G t were both markedly increased, indicating that the tissues in the normal Ca 2 ϩ -containing medium had probably restricted J LY and NaCl permeation ( 7 ). These findings suggested that a collapse of barrier function supported by tight junction had been compensated for by some secondary mucosal barrier with a defined permeability ( 7 ) .
The purpose of this study is to further characterize the postulated secondary barrier in the jejunum mucosa in vitro in Ussing chambers. To this end, we removed Ca 2 ϩ from the bathing solution on the mucosal side (only) and examined its effects on intestinal permeability by measuring G t , J LY , and the forskolininduced PD; forskolin is an activator of adenylate cyclase to increase intracellular cAMP. The Ca 2 ϩ removal only from the mucosal bathing solution did not cause an apparent breaking of tissues as observed when Ca 2 ϩ was removed from both mucosal and serosal solutions. The results were analyzed based on the equivalent electrical circuit model of a battery and resistances (cf. Fig. 3B ) ( 2 -4 , 8 ) .
Male mice (30-40 g, 7-8 wk old, Std:ddY; Japan SLC, Inc., Hamamatsu, Japan) had free access to a conventional diet (MF; Oriental Yeast Co., Ltd., Tokyo, Japan) until the time of the experiment. The mice were sacrificed by cervical dislocation between 10:00 and 14:00 h, and the proximal jejuna (0-3 cm distal to the ligament of Treiz) were excised. The segments were opened, washed with an oxygenated buffered solution, and mounted, after the muscularis propria were removed, between Ussing chambers with an exposed area of 0.2 cm 2 . The methods to measure the forskolininduced PD, G t and J LY were similar to those described previously ( 6 , 7 ). Briefly, PD was measured with a voltage/current-clamp amplifier, and G t was determined by Ohm's law from the change in PD induced by passing a current intermittently, with a compensation for fluid resistance. J LY was determined by adding 0. After the proximal jejunum was incubated for 2 h in the normal solution on both mucosal and serosal sides, the mucosal solution was replaced by Ca 2 ϩ -free solution and the tissue was further incubated for 2 h. As shown in Fig. 1 , morphology of the tissue revealed that villi are shortened with denudation epithelial cells on the top of some villi. Some of the tissues (2 out of 6 tissues examined histologically) exhibited re-epithelialization with flat or cuboidal cells on the shortened villi. These features were not noticeably different from those observed in the jejunum incubated in the normal solution for 4 h (cf. Fig. 1 of Ref. 6 ) ).
The mucosal Ca 2 ϩ removal, however, caused increases in both G t and J LY ( Fig. 2A and B) . Although the magnitude of increases was variable among preparations, the G t and J LY always increased in parallel (Fig.   Fig. 1 . Histological appearance of the mouse jejunal mucosa-submucosa preparations after incubation in mucosal Ca 2 ϩ -free conditions. Tissues were incubated in Ussing chambers for 2 h in the control solution, and then incubated for 2 h under mucosal Ca 2 ϩ -free conditions. (A) A preparation in which villi were shortened and the epithelial cells were lost mainly from the tips of the villi, while crypts remained intact. (B) Another preparation in which villi were shortened but covered with flattened or cuboidal epithelial cells. Bars represent 25 m. -containing solution on both the mucosal and serosal side, despite the damage to villi and epithelial sloughing ( 6 , 7 ) . The result also suggests that the barrier is present on or immediately beneath the mucosal surface because mucosal Ca 2 ϩ -removal may well affect mainly these areas. Figure 3A shows that the forskolin-induced PD was negatively correlated with the increased G t under the mucosal Ca 2 ϩ -free condition. The relation roughly followed the curve predicted from the electrical circuit model (Fig. 3B) , indicating that the G t is a reasonably good estimation of the ion permeability through the paracellular shunt pathway even in the mucosa where tight junctions have partially disappeared. Since the paracellular pathway would be present next to epithelial cells, the barrier that is determining G t would reside next to the mucosal epithelium, and therefore on or immediately beneath the mucosal surface.
In summary, this study confirmed our previous suggestion that a secondary mucosal barrier appears in the in vitro mouse jejunum in which the primary epithelial barrier on the villi seemed to have been largely disabled ( 7 ). This secondary barrier was likely to be present on or immediately beneath the mucosal surface and its integrity appeared to depend on Ca 2 ϩ directly or indirectly. In addition, it allowed, like a tight junction, a restricted permeation of electrolytes. To determine the relevance of this intestinal injury model to intestinal diseases, the morphological and biochemical bases and the detailed permeability properties of this secondary barrier need to be further explored. 
